The equilibrium properties of block copolymer micelles confined in polymer thin films are investigated using self-consistent field theory. The theory is based on a model system consisting of AB diblock copolymers and A homopolymers. Two different methods, based on the radius of gyration tensor and the spherical harmonics expansion, are used to characterize the micellar shape. The results reveal that the morphology of micelles in thin films depends on the thickness of the thin films and the selectivity of the confining surfaces. For spherical (cylindrical) micelles, the spherical (cylindrical) symmetry is broken by the presence of the one-dimensional confinement, whereas the top-down symmetry is broken by the selectivity of the confining surfaces. Morphological transitions from spherical or cylindrical micelles to cylinders or lamella are predicted when the film thickness approaches the micellar size.
I. INTRODUCTION
Polymer thin films are widely used in technology and industry. Applications of polymer thin films include protective surface coatings, birefringent elements in optical devices, and printing circuits in flexible solar cells. Films made by blending different polymers provide an economical route to obtain new products with enhanced properties. In general, application of polymer films requires the surface properties to be homogeneous, but polymer blends tend to phase separate. To improve the dispersion of the polymer blends, compatibilizers such as diblock copolymers are commonly used to induce homogeneous mixing between immiscible homopolymers. However, block copolymers tend to form local aggregates, or micelles, when the copolymer concentration exceeds a critical micelle concentration. The micelle formation is driven by the unequal miscibility of the two blocks with the homopolymers, such that the miscible blocks form a corona whereas the immiscible blocks form a core, thus minimizing the unfavorable interactions. The process of micelle formation is similar to the segregation of surfactants in water and the formation of bilayers from amphiphilic lipids. Depending on the chain architecture and interaction parameters, copolymer can from micelles of different shapes. Common morphologies include bilayer sheets, cylinders or spheres [1] .
In some processes, micelle formation is an undesirable effect which should be avoided, but there are also applications where polymer micelles can beneficial. One example is to use micelles for drug delivery by encapsulating the medicine substance inside the micelle core [2] . Compared to micelles made by surfactants of low-molecular weight, polymeric micelles are significantly more stable, have a larger capacity, and can be biocompatible by modifying the chemical details. Under biological conditions, micelles need to pass through various confined environments, such as the capillary vessels. Therefore, it is crucially important to understand how confinement affects the micelle properties.
Polymer thin films can be viewed as polymers under planar or one-dimensional confinement. For copolymer melts, planar confinement can introduce frustration in the bulk structure and induce novel morphologies which are not available in bulk system [3] [4] [5] [6] [7] . The phase behavior is determined by the relation between the size of confinement and the natural spacing of the structure. When the two length scales are compatible, bulk structures are preserved; otherwise, new morphologies such as perforated lamellae can be formed. Similarly, the confinement can also influence the micelle formation in diblock copolymer/homopolymer blends, and the important factor is the ratio between the micelle size and the dimension of confinement. When the confinement is weak, the micelle reacts by slightly shrinking its size in the direction of the confinement. As the dimension of the confinement becomes compatible to the micelle size, the micelle formation becomes unfavorable, resulting in an increase of the critical micelle concentration [8, 9] .
Various computational methods have been used to study diblock copolymers under planar confinement, such as the scaling argument [10, 11] , simulated annealing [12, 13] , Monte Carlo simulations [14, 15] , density function theory [16] and self-consistent field theory [17] [18] [19] [20] [21] . Most of these studies have been focused on different morphologies of the copolymer melts or copolymer blends, but specific studies of the micelle formation in polymer thin film have been limited. Zhu et. al. used a lattice-base self-consistent field theory to study the confinement-induced miscibility in polymer blends [8] . They focused on a spherical micelle consisted of symmetric diblock copolymers and found the critical micelle concentration increases dramatically when the surface separation is smaller than the micelle size. Similar trends were observed by Zhang et. al. using lattice Monte Carlo simulations [9] , and they also investigated the influence of the surface interaction on critical micelle concentration.
Cavallo et. al. employed Monte Carlo simulations of the bond fluctuation model in a confined blends of asymmetric diblock copolymer and homopolymer [22] . They have considered the effect of the surface interaction and copolymer concentration. These studies have greatly enriched our understanding of the micelle formation in the thin film geometry. However, a detailed investigation of the shape variation by changing various parameters, especially the surface separation, has been lacking. Furthermore the effect of the asymmetric surfaces is remained to be explored.
In order to better understand the micelle formation and shape variation in thin film geometry, we employ a real-space self-consistent field theory to study the micelle shape in a confined blend of diblock copolymers and homopolymers (AB/A). Micelles have different morphologies in a bulk system: bilayers, cylinders, and spheres [23] . Only the bilayer structure is commensurate with the thin film geometry, whereas the spherical and cylindrical micelles must undergo deformation when perturbed by the surface. For simplicity, we choose to focus on two cases in this work: one is a spherical micelle, and the other one is a cylindrical micelle with its axis parallel to the surface. Our paper is organized as follows: In the next section, we introduce the simulation model and system parameters. The deformation of the micelle is discussed in Section III, and the effects of various parameters are elucidated. We summarize our results in Section IV.
II. SELF-CONSISTENT FIELD THEORY
Self-consistent field theory (SCFT) is a versatile and accurate method to study the phase behavior of polymeric systems. The theory has been well described in several excellent reviews and monographs [24] [25] [26] [27] , and we refer readers to these references for details. In this section, we describe briefly the implementation of SCFT in a confined geometry and introduce the notation and controlling parameters.
The polymer blend is composed of diblock copolymers AB and homopolymers A in a volume of V . We assume the copolymer and homopolymer chains have the same length N, and the A-monomer (B-monomer) fraction of the copolymer is f A (f B = 1 − f A ). The blend is incompressible, and all monomers have the same volume ρ , which is related to µ c by
Within the SCFT framework, the interactions between many chains are replaced by the interactions between one ideal Gaussian chains and an effective mean-field potential. The grand free energy can be written as a functional of local densities {φ} and their conjugate fields {ω},
The first line in the right-hand side is the intermolecular interactions. The second line presents the coupling between the local densities and their conjugate fields. The third line is the contribution due to the surface interaction, where H(r) is the external surface field. The fourth line introduces a Lagrange multiplier ξ(r) to enforce the local total density to be φ 0 (r).
The exact forms of H(r) and φ 0 (r) will be discussed late in this section. The two terms in the last line are the configuration entropies, related to the single-chain partition functions for the copolymer (Q c ) and the homopolymer (Q h ). For the copolymer, the partition function has a form Q c = drq c (r, 1), where q c (r, s) is an end-integrated propagator, and s is the normalized arc-length runs from 0 to 1. The propagator satisfies the modified diffusion
where the field is given by
The initial condition is q c (r, 0) = 1. Since the copolymer has two distinct ends, a com- To proceed, SCFT employs a mean-field approximation, which amounts to evaluate the free energy using a saddle-point technique. Technically the saddle-point approximation is obtained by demanding that the functional derivatives of expression (2) to be zero,
These conditions lead to the following mean-field equations,
These equations can be solved using iteration. The resulting solutions then can be substituted into Eq. (2) to compute the free energy. We are interested in the free energy of a system containing one micelle (F ) compared to that of a reference system without the micelle (F ′ ). Therefore we define an excess free energy, F micelle , as the free energy difference,
Note that we have scaled the free energy in terms of thermal energy k B T and number density of the molecules ρ 0 /N.
We consider two micelle morphologies . The first case is the spherical micelle formed in a blend with f A = 0.7 and φ bulk c = 0.11. The parameters are chosen such that spherical micelle is the stable morphology in an unconfined system [23] . To model the spherical micelle under planar confinement, we adapt a cylindrical coordinate system r = (r, z), which has the rotational symmetry with respect to z-axis. The two hard surfaces are located at z = −D/2 and z = D/2. Figure 1 (a) shows a schematic setup of the cylindrical coordinate system. In the second case, we consider a cylindrical micelle whose axis lies parallel to the hard surfaces.
The polymer blend has a composition of φ A Cartesian coordinate system Oxz for micelles whose properties do not vary in y-direction, such as a cylinder parallel to the surface and a bilayer.
top and bottom surfaces are impenetrable, and the total density is required to vanish at the surfaces. A common method to solve this problem is to use a profile φ 0 (r) that is 1 everywhere except in the proximity of the surface. Close to the surface, the density decreases continuously from 1 to 0 over a short distance. The detailed form of φ 0 (r) is not important, and we use the one proposed by Meng and Wang [28] to enhance the numerical stability,
where τ is the characteristic length of the surface layer. The total density profile φ 0 (r) near the lower surface is plotted in Fig. 2 for τ = 0.15
The surface interaction is represented by a surface field H(r). For simplicity, a shortrange, linear field with the same characteristic length of ρ 0 (r) is used:
The constants Λ l and Λ u are used to characterize the surface selectivity for the lower and upper surfaces, respectively. In our notation, a positive value of Λ corresponds to the attractive interaction to A-monomers (or a repulsive interaction to B-monomers).
The computation box is chosen large enough such that far away from the micelle, the bulk concentration for copolymers are reached. In general, 4.0 √ N b is sufficient in the direction parallel to the surface. The separation between two hard surfaces is adjusted from 1.0
The self-consistent equations are solved in the real-space using the alternative direction implicit (ADI) scheme [29] , with a grid size of 0.02 √ N b. It is also important to set the initial density profile for the start of iterations, and we choose to set the micelle with a tanh profile. In addition, we have tested different initial configurations to ensure that the converged solutions do not depend on the initial conditions.
III. RESULTS AND DISCUSSION
In this section, we study the shape variation and morphology change of micelles under planar confinement. The controlling parameters are the separation between the two hard surfaces, D, and the selectivities of the two surfaces, Λ u and Λ l . We first present the monomer density profile at different values of D for neutral surfaces (Λ u = Λ l = 0). Then we use the radius of gyration tensor to quantify the shape variation under confinement. Finally, we study the effect of varying the surface selectivity, for both the symmetric (Λ u = Λ l ) and asymmetric (Λ u = Λ l ) cases. We employ an expansion of spherical harmonics to characterize the shape variation for asymmetric surfaces.
A. Density profiles
We first consider a spherical micelle formed in a blend of copolymer concentration φ Far away from the micelle, the monomer densities are equal to those of the reference system without the micelle. Due to the presence of hard surfaces, the density profiles of the reference system are not homogeneous in the z direction. Figure 4 shows the copolymer concentration as a function of z for a system without the micelle (f A = 0.7 and φ bulk c = 0.11).
Since the total density is less than 1 near the surface, this effectively reduces the A-B repulsive interaction in the surface layer [30] . Therefore, it is energetically favorable for copolymers to accumulate close to the surfaces. Furthermore, the B-block has a stronger tendency to swell the surface layer than the A-block. This is because the surfaces are neutral, so there are no differences between the A-monomer a and B-monomer for the surface. From the entropy point of view, both ends of the copolymer have the equal probability to be found near the surface. This corresponds to an enrichment of the minority-component of the copolymer (B-block for f A = 0.7). 
B. Geometry frustration
To characterize the shape variation of the micelle under confinement, we calculate the eigenvalues for the radius of gyration tensor [31] . The eigenvalues can be calculated from the monomer density profiles
where φ c (r) and φ ′ c (r) are the copolymer density for systems with and without the micelle, respectively, and r α0 are coordinates for the micelle center. The removal of φ ′ c (r) is necessary in order to exclude the contribution from surface layers and to isolate the micelle from the background.
For the spherical micelle, we compute in a cylindrical coordinate which has rotational symmetry with respect to the z-axis, thus R 2 x = R 2 y . We define the asphericity p by [31] , This quantity p is useful to identify the deviation from a spherical geometry; for a perfect sphere p = 0, and p > 0 when the shape deviates from the spherical symmetry.
The two gyration radii for a spherical micelle are shown in Fig. 7 . The variation of For the cylindrical micelle parallel to the surface, the radius of gyration in the direction of the cylinder axis is not defined, thus there are only two radii R x and R z . A quantity named acylindricity c can be used to characterize the cylindrical shape [31] ,
The acylindricity c = 0 for an object with perfect cylindrical symmetry.
The results of an isolated cylindrical micelle are shown in Fig. 8 . The trend of the radius change seems to be similar to the spherical micelle. Only notable difference is the small bump in R x at around D = 2.0 √ Nb. When the surface separation becomes smaller, the micelle first swells slightly in the x-direction, then proceeds to decrease. The inset of Fig. 8 shows the acylindricity c as a function of the surface separation. 
C. Surface selectivity
The shape of a micelle can also be tuned by surface interactions. In this section, we focus on the spherical case because the cylindrical micelle shows similar behavior. We first consider the symmetric case where the upper and lower surfaces have the same selectivity Λ l = Λ u = Λ. Since a positive value of Λ corresponds to an attractive interaction to the A-monomer, so equivalently a repulsive interaction to the B-monomer. In Fig. 9(a) , the asphericity is plotted as a function of the surface selectivity. The micelle becomes more aspherical as the repulsive interaction to B-monomer becomes stronger. The effect of the surface selectivity is relatively weak in comparison to that of confinement (see the y-axis scales in Fig. 9(a) and Fig. 7 inset for comparison).
Asphericity allows one to quantitatively describe the degree of the shape variation, but its usage is limited, especially for asymmetric surfaces. Another method to characterize a sphere-like shape is to expand its surface radial function R(θ, φ) in terms of spherical harmonics Y lm (θ, φ), as follows [32] ,
For the shape of rotational symmetry, the dependence on azimuth angle φ vanishes, so we only need to consider spherical harmonics with m = 0,
where the coefficient a l of the above expansion is defined as
To validate the method of spherical harmonics expansion, we reexamine the symmetric case. First, we locate those points where the copolymer concentration is at the middle point of the maximum and minimum, and we define the micelle surface R(θ) as a set of those points. Then the coefficients a l are calculated using Eq. (19) . Since the micelle shape only deviates from a sphere slightly, we keep only the first three terms in the expansion and neglect the higher-order contributions. The zeroth-order coefficient a 0 is just the average radius.
The first-order coefficient a 1 is odd with respect to θ = π/2 (z = 0 plane); it must vanish if the shape has a top-down symmetry. The second-order coefficient a 2 is the natural choice for the symmetric case, as a large a 2 value corresponds to a more elongated ellipsoidal shape. Fig. 9 , we see that the second-order coefficient a 2 exhibits a similar trend as the asphericity p. Next we consider the case where the upper surface has a different selectivity to the lower surface. We set the lower surface to be neutral Λ l = 0, while vary the upper surface selectivity Λ u . Figure 10 shows the first-and second-order coefficients as a function of Λ u .
Due to symmetry, the first-order coefficient is zero when Λ u = Λ l = 0. The top-down symmetry is lost when the upper surface becomes repulsive to the B-monomers while the lower surface stays neutral. At the same time, the second-order coefficient also shows a slight increase, although the magnitude is less than the symmetric case (also shown in dotted line in Fig. 10 ). 
IV. SUMMARY
In this paper, we have investigated the shape variation of an isolated micelle formed in thin films of AB-diblock copolymer and A-homopolymer blends. SCFT has been employed to compute the free energy and density profiles of the micelle. The shape of the micelle becomes anisotropic under planar confinement. Deviation from the bulk geometry appears when the film thickness is comparable to the size of the micelle. Morphology transition can also happen when the confinement is strong. Two sequences of shape change are identified by comparing the free energy of micelles with different morphology. One is the transition from a spherical micelle to a cylindrical micelle perpendicular to the surface, and the other one is from a parallel cylindrical micelle to a lamellar micelle. For spherical micelles, the free energy increases as the confinement become strong; thus it becomes energetically unfavorable for the micelle formation. This is in agreement with Ref. [8] that the critical micelle concentration increases as confinement increases.
Several parameters control the micelle shape in thin polymer films. In the bulk system, the micellization depends primarily on the copolymer architecture and monomer-monomer interactions. In the thin film, the confinement introduces the effect of structure frustration and surface interaction. The degree of structure frustration depends on the relationship between the micelle size and film thickness. If the two are incomparable, the aggregate must deviate from its equilibrium shape to relieve the imposed frustration. This in general leads to reduced size of the micelle and an ellipsoidal shape with its long axis parallel to the surfaces. Beside the geometry confinement, the other important factor is the surface selectivity. The interaction between monomers and hard surfaces can be neutral or preferential. The selectivity also causes deviation from the structures observed in the bulk. To characterize the shape variation quantitatively, we calculate the radius of gyration tensor for the micelle. An increase of the asphericity and acylindricity when the surface separation is reduced and when the surface interaction becomes stronger. For the case when the two surfaces have different selectivities, an expansion method is used to study the micelle shape, and the first-order coefficient is an indicator of the deviation from top-down symmetry.
Our SCFT calculations demonstrate that valuable information can be obtained, such as the geometrical dimensions of the micelle, and the monomer density profiles. These properties are closely related to several parameters: the architecture of the copolymer, the monomer-monomer interactions, the film thickness, and surface interactions. In this paper, we focus on the effect of the film thickness and surface interactions, and use diblock copolymer as an example. Our model can be easily extended to different polymer architectures, and the shape variation by varying the surface separation and selectivities would exhibit similar trends for different monomer-monomer interactions. By varying these parameters, we can control the micelle shape and size in the thin film. Since it is expensive and time-consuming for experimentalists to explore the parameter space by trial-and-error, theoretical study can be of great help to understand the underlying physics and provide guidance for experiments.
The present approach has a number of limitations. For the cylindrical micelle parallel to the surface and the lamellar micelle, one has to be cautious because they are ideal cases without the ends and edges. In real experiments, they can be twisted and forms labyrinth structures. Our method also neglects the translational entropy of the micelle; therefore the calculated points of morphology transition are only qualitatively correct. Furthermore, the surface attraction to one block of the copolymer may induce the formation of surface micelles, an important phenomenon we have not touched in this paper. Nevertheless, by computing the free energies and shape parameters for different micelle morphologies, we have obtained the trends of micelle formation in the thin polymer films. The results provide a detailed picture of the variation and transition of micelle shape and illustrate the effect of confinement and surface interactions.
